ABSTRACT: Upon ingestion, probiotics may act to protect the host through a number of protective mechanisms including modulation of genes involved in intestinal innate mucosal defense such as epithelial cell-derived mucin glycoproteins and inhibitor of apoptosis proteins. To determine the specificity of effect and sustainability of response in vivo, Lactobacillus plantarum 299v (Lp299v), Lactobacillus rhamnosus R0011 (LrR0011), and Bifidobacterium bifidum R0071 (BbR0071) were added repeatedly or intermittently to the drinking water of Sprague-Dawley rats. After killing the rats via CO 2 suffocation, Muc2, Muc3, neuronal apoptosis inhibitor protein (NAIP), human inhibitor of apoptosis protein 1/cellular inhibitor of apoptosis 2 (HIAP1/cIAP2), and human inhibitor of apoptosis protein 2/cellular inhibitor of apoptosis 1 (HIAP2/cIAP1) mRNA and protein levels were analyzed via RT-PCR and immunohistochemistry. Live Lp299v, BbR0071, and LrR0011 increased Muc3 protein and mRNA expression in jejunum and ileum. Heat-killed and a nonadherent derivative of Lp299v failed to induce Muc3 expression. Lp299v did induce expression of HIAP2/cIAP1 and NAIP expression. Muc3 mucin expression was elevated for 5 d after oral administration of Lp299v; however, this effect was not sustained despite ongoing daily ingestion of a probiotic. Intermittent pulse ingestion of probiotics, however, was found to repeatedly increase Muc3 expression. We conclude that selected probiotics can induce protective genes of mucosal intestinal epithelial cells, an effect that is reproducible with pulse probiotic administration. (Pediatr Res 69: 206-211, 2011) P robiotics are living organisms that improve the health of the host upon ingestion (1). One mechanism whereby probiotics exert their influence is through enhancement of intestinal barrier function (1). The intestinal mucosal barrier consists of both the intestinal epithelial cell (IEC) and the supramucosal mucus layer whose major organic component is intestinal cell-derived mucins. Mucins are complex glycoproteins that act to limit access to IECs by both by creating a physicochemical barrier and through enteropathogen IEC receptor mimicry (2,3).
P robiotics are living organisms that improve the health of the host upon ingestion (1) . One mechanism whereby probiotics exert their influence is through enhancement of intestinal barrier function (1) . The intestinal mucosal barrier consists of both the intestinal epithelial cell (IEC) and the supramucosal mucus layer whose major organic component is intestinal cell-derived mucins. Mucins are complex glycoproteins that act to limit access to IECs by both by creating a physicochemical barrier and through enteropathogen IEC receptor mimicry (2, 3) .
Probiotics have a multitude of effects in germ-free animals and sterile cell culture system. However, to determine whether mucosal protection can be enhanced exogenously by probiotics, use of specific pathogen-free rats offers a method to study probiotic administration into an established microbial environment.
In cell cultures, selected probiotic strains attenuate the stress-induced death of IECs. IEC homeostasis is maintained in the gastrointestinal tract mainly via apoptosis, via important regulators of apoptosis including members of the inhibitor of apoptosis protein (IAP) family (4) . IAPs have a number of other roles including regulating proliferation and modulation of inflammatory signaling and immunity (5) . IECs that are lost through a physiologic process are replenished at an equally rapid rate in villi crypts, on average every 3-5 d (4, 6) . With some of the best clinical evidence for probiotic benefit being that of attenuating viral enteritis (7), and with the small intestinal IECs constituting a crucial interface between luminal contents and the host, we hypothesized that probiotics will protect IECs by modulating expression of mucin and proteins that regulate apoptosis. Accordingly, we evaluated the importance of live, viable probiotics and their sustainability of enhancing IEC protective functions after administration into an established rodent microbiota.
MATERIALS AND METHODS
Bacteria and growth conditions. Bacteria studies included Lactobacillus plantarum strain 299v (Lp299v; supplied by Dr. Siv Ahrne, University of Lund, Lund Sweden). An adherent negative derivative strain of Lp299v named L. plantarum adh-(Lpadh-; supplied by Dr. Siv Ahrne) is a spontaneous mutant of Lp299v that lacks adherin. RFLP analysis did not detect differences between Lp299v and its derivative Lpadh- (8) . Other strains included L. rhamnosus strain R0011 and Bifidobacterium bifidum (LrR0011 and BbR0071; supplied by Dr. Thomas Tompkins, Institut Rosell Inc., Montreal, Quebec). Strains were stored at Ϫ80°C until grown overnight at 37°C in 40 mL of either Lactobacilli MRS broth (Becton Dickinson Canada Inc., Oakville, ON) or Reinforced Clostridial Media broth (Becton Dickinson Canada Inc.). Bacteria were harvested by centrifugation as previously described (3). Heat-killed strains were boiled for 30 min a day for a total of 3 d. Bacteria were then plated in triplicate and incubated for 24 h at 37°C to ensure there was no growth.
Animals. Specific pathogen-free male Sprague-Dawley rats (Charles River Laboratories Inc., Montreal, PQ) weighing 250 g were acclimatized to the regular vivarium at the University of Ottawa for a period of 5 d under standard conditions. Standard diet of food and water was provided ad libitum. Probiotics were quantified and added to the drinking water of Sprague-Dawley rats to ensure that 10 7 colony forming units (CFU) or 10 9 CFU of probiotics were being ingested per day, depending on treatment protocol. C57/Bl6 mice were used to determine whether the effects noted were similar in mice. Probiotics were administered to mice via daily gavage. Experiments to evaluate mucin expression after rectal application of probiotics were performed in Sweden (D.R.M., D.A.). Specific pathogen-free Sprague-Dawley rats (MϩB A/S, DK-8680 Ry, Denmark) were housed at constant 22°C temperature and humidity with a controlled 12-h light/dark cycle. Rats had free access to a standard pellet diet (R3; Lactomin, Stockholm, Sweden) and sterilized tap water. Rats received daily enemas through a feeding tube (CM08; Unomedical A/S, Denmark) containing 3 ϫ 10 9 CFU Lp299v or water alone for up to 7 d. Experimentation was performed with the approval of the Animal Care Committee at the University of Ottawa or the University of Lund.
Modulation of gene expression in vivo. Rats and mice were divided into groups on the basis of bacteria administered, dose, and the total number of treatment days. Animals were killed by means of CO 2 suffocation. In Sweden, rats were killed using a s.c. injection of a (1:12) mixture of Hyponorm (Division of Janssen-Cilas Ltd., Janssen Pharmaceutica, Boerse, Belgium), Dormicum (F. Hoffman-La Roche AG, Basel, Switzerland) in a dose of 0.15 mL/100 g. Sections of the proximal jejunum, distal ileum, proximal colon, and distal colon were excised, flushed with PBS, and opened so that mucosal scrapings could be obtained. Scrapings were placed in RNAlater stabilizing reagent (Qiagen Inc., Mississauga, ON) and stored at Ϫ20°C until RNA extraction. Tissues were homogenized via a QiaShredder column (Qiagen Inc., Mississauga, ON), and RNA was extracted using RNeasykit (Qiagen Inc.) according to the manufacturer's protocol. For groups receiving rectal probiotics, total RNA was isolated from distal colon mucosal scrapings using the guanidine isothiocyanate-cesium chloride ultracentrifugation technique (2) . RNA pellets were suspended in 0.3M sodium acetate and precipitated with 2.5 volumes of 100% ethanol and stored at Ϫ80°C until analysis.
RT-PCR transcript analysis. Probes (IDT Inc., Coralville, IA) and primers were designed for Muc1, Muc2, Muc3, human inhibitor of apoptosis protein 1 (HIAP1/cIAP2), human inhibitor of apoptosis protein 2 (HIAP2/cIAP1), neuronal apoptosis inhibitor protein (NAIP), and X-linked inhibitor of apoptosis protein (XIAP) using Primer Express version 2.0 (Applied Biosystems, Foster City, CA) are detailed in Table 1 . Real-time RT-PCR was then used to quantify expression levels, normalized to rodent GAPDH expression levels (Applied Biosystems). Samples were plated in triplicate wells in a MicroAmp Optical 96-well Reaction Plate (Perkin Elmer, Norwalk, CT) with added no template control wells and analyzed using the ABI Prism 7700 Sequence Detection System (Applied Biosystems).
Protein detection. Rodent anti-Muc3 antibody (#6279, Dr. G. Xu and Dr. I. Khatri, Hospital for Sick Kids, Toronto, Canada) targeting COOH-terminal region was used to detect rat Muc3 protein expression (9) . RIAP1 antibody to the rodent homologues of both HAIP1/cIAP2 at 70 kD on SDS-Page gels and HiAP2/cIAP1 at 68 kD was a gift (Aegera Therapeutics Inc., Montreal, PQ). To detect proteins of interest, sections of intestine were impregnated with 30% sucrose overnight and then cut at 10 m using a Microm HM 500 OM cryostat (Thermo Scientific, Walldorf, Germany). Sections were then boiled in citrate buffer for 20 min, and endogenous peroxidase was removed with 3% H 2 O 2 and after a 5-min tris buffered saline (TBS) wash, suppressed using a peroxidase blocking solution (Dako, Mississauga, ON) for 10 min. Sections were incubated in a humid chamber with the undiluted anti-Muc3 antibody for 2 h, washed, and incubated for 30 min with donkey anti-rabbit IgG ECL antibody, HRP-conjugated (GE Healthcare, Piscataway, NJ). Sections were developed using the 3,3Ј-diaminobenzidine Enhanced Liquid Substrate System (Sigma Chemical Co.-Aldrich Canada, Oakville, ON) with a Harris hemotoxylin solution counterstain (Fisher Scientific, Ottawa, ON). Slides were differentiated in 0.2% acid/alcohol solution and blued in a solution of 2% aqueous LiCO 3 . The slides were then mounted with Permount (Fisher Scientific) and examined for increased staining using the Axioskop 2 plus microscope (Carl Zeiss Canada, Toronto, ON) visualized with Northern Eclipse Software, version 6.0 (Empix Imaging Inc., Mississauga, ON). Additional samples of rat jejunum were assessed using immunofluorescence to improve visualization. These samples were collected and processed as previously described with the exception of using goat anti-mouse IgG Alexa Fluor488 antibody (Invitrogen, Carlsbad, CA) at 1:500 dilution.
Western blotting. Protein isolates were analyzed using the Mini-PROTEAN III gel system (BioRad Laboratories, Hercules, CA) with SDSPage using 7.5% bisacrylamide gel including a 4% stacking gel. Protein aliquots were heated to 70°C for 10 min and were then quick chilled on ice before loading. Following transfer and 5% milk blocking of the blots, polyvinylidene fluoride membranes were washed for 1 h in Tris-PBS with Tween, incubated with primary antibody overnight followed by washes and incubation with ECL anti-mouse or Anti-rabbit IgG secondary antibody (GE Healthcare) for 1 h. The ECL Plus Western Blotting Detection System (GE Healthcare) was used for detection of secondary antibody, and membranes were exposed to ECL Plus Hyperfilm (GE Healthcare) and visualized using the IVIS imaging equipment with LivingImage Software (Caliper LifeSciences, Hopkinton, MA). Files were analyzed using ImageJ, an image processing software program available through the National Institutes of Health (http://rsbweb.nih.gov/ij/index.html). Densitometric data were generated through a calculation of total area under the curve.
Statistical analysis. Descriptive statistics were calculated according to treatment group. Summary statistics were expressed as the mean Ϯ SD, and 
RESULTS
Lactobacillus plantarum 299v, Lactobacillus rhamnosus R0011, and Bifidobacterium bifidum R0071 up-regulate rat mucin in a site-specific manner. The expression of rat Muc3 mucin was assessed in distinct regions along the intestinal tract after 2 d of specific probiotic ingestion at 10 7 CFU/d (Fig. 1) . Ingestion of live microbes led to an increase in Muc3 transcript in both jejunum and ileum in all animals except those ingesting Lpadh-. Immunohistochemistry performed on rat jejunal segments supported these findings with demonstration of increased Muc3 protein expression after 2 d of Lp299v ingestion (Fig. 2, B2 ). This effect was not observed in either controls receiving water only (Fig. 2, B1) or sections from rats receiving Lpadh-. Expression of other mucin genes was evaluated. Muc1 expression levels were increased in jejunal segments but not in the other intestinal segments. Expression of Muc2 mRNA was not increased above that found in controls in either jejunum or ileum (Muc1 and Muc2 results not shown). Muc2 and Muc3 expression did not change significantly in proximal and distal colonic segments after oral ingestion of probiotics at 10 7 CFU/d. We also failed to note any additive effect with concurrent addition of both BbR0071 and LrR0011 each at 10 9 CFU/d with regard to Muc3 or Muc2 expression in either the colon or small intestine (results not shown).
To evaluate whether delivery route affects mucin expression, administration of rectal enemas containing Lp299v were also evaluated. Distal colon Muc2 mRNA expression was increased (160% control Ϯ 50, p Ͻ 0.05) compared with water controls (Fig. 3) , but neither Muc1 nor Muc3 mRNA expression of distal colon segments was increased after 2 d of Figure 3 , this effect had tapered to baseline expression level by 7 d (92% control Ϯ 24).
Lp299v rectal enemas (results not shown). Moreover, as shown in
Heat-killed Lp299v does not induce mucin expression. Heat-killed Lp299v were plated onto Lactobacillus MRS agar and were determined to be nonviable and intact (Fig. 2, A2) . As shown in Figure 1 , heat-killed Lp299v administered orally to rats for 2 d failed to up-regulate Muc3 expression in jejunum (106% control Ϯ 12) or ileum (108% control Ϯ 4).
Probiotic-induced mucin gene modulation in small intestine is not dose-dependent.
To investigate the effect of larger inoculum on small intestinal mucin expression levels, animals were given either 10 7 CFU/d or 10 9 CFU/d of Lp299v. Both doses significantly altered Muc3 expression levels; however, there was no greater expression between doses in either the jejunum or ileum ( Fig. 4 ; low dose versus high dose, p Ͼ 0.05).
Lp299v modulates the expression of NAIP and HIAP2/ cIAP1 in vivo. NAIP, HIAP1/cIAP2, HIAP2/cIAP1, and XIAP were examined in Sprague-Dawley rats and C57/Bl6 mice after 2 d of 10 9 CFU/d of Lp299v. In C57/Bl6 mice, HIAP2/ cIAP1 (158% control Ϯ 31, p Ͻ 0.001, Fig. 5A , bar 4) and NAIP (151% control Ϯ 36, p Ͻ 0.0001, Fig. 5A , bar 2) mRNA expression levels were greater than in control mice receiving water alone. In contrast, jejunal HIAP1/cIAP2 (102% control Ϯ 18, Fig. 5A, bar 3) and XIAP (98% control Ϯ 22, Fig.  5A , bar 5) mRNA levels were similar to water administered control animals. Results from the rat treatment groups demonstrated the same trend. For all genes evaluated in rat and mice, Lpadh-failed to induce expression levels beyond control values.
Sprague-Dawley rat segments were assessed for IAP expression. The rodent homologues of HIAP2/cIAP1 levels in the rat jejunum increased ϳ2-fold after a 2-d course of Lp299v (Fig. 5B , compare lane 2 at 68 kD) compared with control animals receiving water (Fig. 5B, compare lane 4) . In contrast, no significant HIAP2/cIAP1 protein expression was noted in ileal samples from animals receiving Lp299v (Fig.  5B, compare lane 1 at 68 kD) versus controls (Fig. 5B,  compare lane 1) . Similarly, HIAP1/cIAP2 (70 kD) remained unchanged.
Daily oral administration of a single probiotic microbe is not effective in sustaining Muc3 up-regulation. To evaluate the sustainability of probiotic-induced response, rats received 10 7 CFU/d of Lp299v for 2 to 20 d before killing. Lp299v was shown to significantly up-regulate Muc3 after 2 d in the jejunum and ileum (219% control Ϯ 63 and 165% control Ϯ 63 respectively, p Ͻ 0.05) with expression decreasing after 5 d (155% control Ϯ 13 and 134% control Ϯ 5 in the jejunum and ileum, respectively). Following, both 10 and 20 d of daily probiotic administration, Muc3 expression levels were similar to controls (Fig. 6) . Immunofluorescence of the rat jejunum demonstrated Muc3 expression was increased after 2 d of Lp299v treatment (Fig. 2, C2) compared with both the con- (Fig. 2, C1 ) and tissue collected after Lp299v administration for 20 d (Fig. 2, C3) .
Muc3 mRNA up-regulation is sustained using pulse probiotic administration. With the time-limited effect of Muc3 modulation from a single agent probiotic by 10 d, we tested the effects of varying the strain administered and time course. With a single probiotic agent (i.e. Lp299v) administered for 10 d, jejeunal Muc3 expression at 10 d was similar to control animals receiving water only (89% control Ϯ 30, Continuous, SA in Fig. 7) . With the daily ingestion of BbR0071 given over a period of 10 d followed sequentially by Lp299v for 2 d, there was a failure to sustain Muc3 mRNA expression above control animals receiving sterile water (111% control Ϯ 33, Continuous, S in Fig. 7) . However, both Muc3 gene and protein expression were increased after 2 d BbR0071 and then 8 d of water followed by 2 d Lp299v ( Fig.  2, C4; Fig. 7 , Pulse, S, 189% controls Ϯ 15%, p Ͻ 0.001). We did not detect a significant effect using pulsed single agent protocol; that is, 2 d of Lp299v 10 7 CFU/d followed by 8 d of sterile water followed by 2 d of 10 7 CFU/d Lp299v before killing. Nor did we notice any additive effect with the concurrent addition of both BbR0071 and LlR0011 with respect to Muc3 or Muc2 expression above levels achieved using a single probiotic agent.
DISCUSSION
This study provides evidence for the modulation of potentially protective mucosal barrier genes in the intestinal tract with a mature established microbiota after oral ingestion of live probiotics. Muc2 and Muc3 are two different mucin genes in the rat intestine with human homologues that both exist as secreted glycoproteins (10 -12) . Muc3 gene and protein expression was induced in the jejunum and ileum after oral administration of with adherent, live viable probiotic strains Lp299v, BbR0071, and LrR0011 but not using the nonadherent Lpadh-derivative (Figs. 1 and 2) . Heat-killed, nonviable Lp299v was also unable to boost Muc3 transcript expression (Fig. 1) . Dead cells of probiotics exert a number of biological responses during in vitro cell-culture and in vivo animal studies (13) . However, several of the effects exerted by live strains on IECs are notably absent with dead cells, such as maintaining barrier function after an enteropathogen insult and colonization resistance after enteropathogen adherence (14, 15) . Dead cells also fail to prevent against cytokineinduced apoptosis (16) and have shown to have inferior efficacy in clinical trials in reducing translocation (17) compared with live, viable probiotics. These reports are in keeping with our findings of live, viable probiotics are necessary to enhance protection of IEC through up-regulation of mucin secretion at the mucosal-luiminal interface. Moreover, comparison of live viable probiotic strains with heat-killed strains report benefit of live viable probiotics, and in some cases, heat-killed probiotics have been associated with increased adverse events such as diarrhea in children (17) . Taken together, it seems that some of the beneficial effects of probiotics may be compromised by heat inactivation.
One of the basic properties of probiotics is a low invasive potential, and so one could ask why the host would need to mount a sustained protective response to such microbes. Accordingly, we found that increased Muc3 mucin secretion was not a sustained response. The probiotic-induced increase in Muc3 expression rose quickly but was falling by 5 d of oral administration and returned to baseline levels by 10 d demonstrating a time-limited effect (Fig. 6) . A time-limited effect of probiotics has been similarly noted in other studies. One such study reports that histological and gene expression changes of various cytokines induced by L. reuteri in the mouse intestine were optimal following 6 d of oral probiotic treatment but had significantly decreased by 8 d and fallen to control levels by 21 d (18) . A time-limited inflammatory response has also been indirectly detected through measurement of the nondegradable neutrophil-derived protein calprotectin (19) . Thus, responses involving various aspects of the host mucosal protective response seem to be activated but time limited. Although probiotic-induced up-regulation of mucin expression is not a sustained response, it is reproducible. With an 8-d break from the daily administration of a probiotic organism, increased mucin expression is again detected (Figs. 2 and 7) .
Studies have consistently demonstrated a modest reduction in the number of stools and length of illness with probiotic treatment of viral gastroenteritis (20) . Mucins can both limit access of the viral particle to the epithelial cells and reduce viral replication (21) and it follows that enhanced mucin expression would play a role in limiting the disease process. Improved efficacy of using probiotics as a protective intervention will likely need to account for timing of infectious exposure which may be a difficult task except in more controlled circumstances.
We demonstrated an increased expression of Muc3 mucin in the rat small intestine after the oral administration of both 10 7 and 10 9 CFU of Lp299v per day (Fig. 4) . It would seem as though the effect of probiotic-induced gene modulation does not represent a linear relationship to dose. This is sup- ported by clinical dose trials for the prevention of acute infectious rotavirus where it was found that a dose of 10 6 CFU/d has the equivalent efficacy as a greater inoculum administered. However, the underlying disease process and site in gastrointestinal tract may be important for dosing considerations. We did not find that probiotic ingestion of either 10 7 or 10 9 CFU over a day in the drinking water altered colonic mucin expression. Intragastric bolus feeding of 3 ϫ 10 9 CFU/d into rats did increase the Muc2 gene expression (22) . Hence, it would seem as though substantially larger oral inoculums eventually provide sufficient numbers of bacteria to reach the distal colon. Accordingly, we observed that the rectal application of Lp299v did in fact up-regulate Muc2 expression compared with pure water control (Fig. 3) . Interestingly, a time-limited effect was also reached by 7 d in accordance with the up-regulation of small intestinal Muc3 expression via oral dosing. Although Bifidobacteria strains are generally isolated from colonic sites, we have shown that they are equally active in modulation of the small intestinal gene Muc3. This demonstrates that site accessibility and the time of probiotic exposure may be pertinent rather than site of microbial origin when it comes to probiotic-induced IEC interactions.
Secreted factors from the probiotic strain L. rhamnosus GG have previously been shown to prevent cytokine-induced apoptosis in both human and mouse IEC (16) involving both p38 MAPK and Akt, but it is unknown as to whether IAPs are involved. Not surprisingly, our study finds evidence that the transient modification of intestinal gene and protein expression is not specific to mucin genes alone. After 2 d of probiotic oral ingestion, two of the IAPs studied were up-regulated in rat intestinal tissue of the small intestine (Fig. 5) .
NAIP is highly expressed in intestinal villi (23) and evidence is emerging for it being an intracellular pathogen receptor, chiefly for flagellin. Although none of bacteria in this study are flagellated, past work has shown NAIP modulation lies downstream of the TNF pathway (24) and it may be that probiotic modulation of TNF-␣ (25) elicited the IAP elevation observed in our animals.
In summary, we find that live viable probiotics can induce innate protective mechanisms of the IEC in a reproducible but time-limited manner and speculate that pulsed administration of probiotics rather than continuous probiotic ingestion on a daily basis may enhance some of the protective host responses, further optimizing the benefit derived from their use.
